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ABSTRACT 
Objectives: To investigate the effect of different alumina fabrication techniques 
and sintering temperatures on the biaxial flexural strength. Also, to assess the 
resulting color of multiple metal salt solutions at different concentrations in 
monolithic alumina and its effect on the optical properties of the restoration.  
Material & Method: Forty disk-shape alumina specimens were divided into 4 
groups (n=10) based on the fabrication process (slip cast or die press) and 
sintering temperature (1530°C or 1600°C). Biaxial flexural strength was calculated 
using universal testing machine at a crosshead speed rate of 0.5 mm/min until 
failure occurred. For the coloring part of the study, nine elements (Ba, Ce, Cr, Fe, 
Mn, Nd, Pr, Sm, Zn) were used to form metal-salt coloring solutions at a 
concentration of 0.1%, 1% and 5% wt. The solutions were then used to infuse 162 
pre-sintered porous alumina disks that are either slip-casted (A1000) or die-
pressed (CT3000). Color coordinates were recorded in CIE L*a*b* system using 
 vii 
spectrophotometer. Color differences relative to the control (ΔE), translucency 
parameter (TP), contrast ratio (CR) and total transmission were calculated and 
analyzed using two-way analysis of variance (ANOVA) with Tukey post hoc test at 
α = 0.05.  
Results: Slip cast group sintered at 1530°C had the highest flexural strength 
(479.14 MPa), but there was no significant difference between the four groups 
neither by fabrication process (p = 0.127) nor by sintering temperature (p = 0.276). 
Die press specimens colored with Ba at 0.1% and 1% showed significantly higher 
TP (2.65 and 2.49) and lowest CR (96.15 and 96.30) among the groups. There 
was a statistically significant effect on TP and CR when changing alumina powder 
on specimens colored by Ba, Ce, and Zn (p < 0.05). Changing the concentration 
of the coloring solution caused a significant effect on the optical properties of 
specimens colored by Ba, Nd, Cr, Mn. ΔE was significantly changed when 
changing alumina powder and coloring concentration for all elements except Ce, 
Pr, and Sm.  
Conclusion: Changing fabrication method and sintering temperature did not affect 
the biaxial flexural strength. However, the fabrication method and metal-salt 
colorant concentration affected the optical properties of the specimens. 
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CHAPTER 1  
INTRODUCTION 
 For decades, metal-ceramic crowns were the most reliable and esthetically 
acceptable full-coverage restorations. Its superior mechanical properties and 
marginal fit, when compared to feldspathic porcelain, cemented its stature among 
different clinicians.1,2 Nonetheless, metal-ceramic restorations carry a lot of 
shortcomings, mostly related to the esthetic aspect of the restoration. Examples of 
those drawbacks include the lack of light transmission caused by the opaque metal 
substructure, metal reflection around the gingival margin as well as metal corrosion 
and allergy associated with the use of non-precious metal alloy.2-4 
Patients demand for high esthetic treatments lead to a continuous 
development of many ceramic systems.5,6 Ever since the introduction of all-
ceramic concept by Charles Land in 1903, there has been a progressive evolution 
of ceramic materials.7 In the 1960’s, McLean et al introduced the concept of 
aluminous porcelains, in which alumina particles are added to all-ceramic crowns 
to enhance its mechanical and physical properties.8 
In 1989, a German company (Vita Zahnfabrik) introduced In-Ceram 
Alumina, which was the first all-ceramic restoration to be used as an anterior three-
unit fixed partial denture,9,10 with a flexural strength that reached up to 600 MPa.11-
13 However, due to the lack of translucency of In-Ceram Alumina, it was 
manufactured as a core material to be veneered with feldspathic porcelain. This 
concept overcame the disadvantages of having a metal substructure, resulting in 
 2 
a marked improvement of the esthetic outcome. However, chipping and fracture of 
the veneering porcelain were among the most commonly reported complication of 
this type of restoration.14 
 Lately, with the advance of milling technology and fabrication process, 
monolithic restoration became a viable option to restore both function and esthetic. 
The dense crystalline structure enhances the strength of the material, and 
eliminates the need for veneering layer, that in turn will overcome the chipping and 
fracture complications. 
1.1 Alumina 
 Alumina, also called Aluminum Oxide (Al2O3), has a widespread use in 
arthro-prostheses joints.15 When it was first introduced to the dental field it did not 
gain a lot of popularity because of its high failure rate.16 The main reason the first 
generation of alumina had high failure rate was due to the inability - at that time - 
to fully process it to its full density. In the late 1980s, a second generation of 
alumina was presented with smaller grains and higher density, improving its 
mechanical properties and success rate.17 Finally, with advancement in sintering 
ability to full density, and development of highly pure nano-size particle alumina, a 
new third generation immerged which we have today.18 
 Alumina surpassed its role as enhancer of glass ceramic to being used as 
core material for fixed prosthesis, fabrication of orthodontic brackets, and even 
used as dental implant material.18 However, studies that investigated alumina as 
a monolithic restorative material are to this day scarce. Perhaps this is due to the 
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opaque nature of alumina that led it to be readily excluded from the restoration 
options. Nevertheless, many variables affect the final product of alumina 
restorations. Particle size, distribution, porosity, fabrication process and sintering 
temperature just to name a few. Chaiyabutr et al. investigated the effect of some 
of those variables on the mechanical properties of alumina.19 Still, more studies 
are required to assess the effect on the optical properties. Also, to the best of the 
author’s knowledge, no studies have been done using earth elements and metal-
salts to color alumina and investigate its effect on the optical properties of the final 
restoration. 
1.2 Mechanical and Optical Properties 
 Every dental material has its indications and limitations. Many of which 
depend on its mechanical, physical and optical properties. A clinician should 
understand these properties in order to make a proper choice in a given clinical 
scenario.  
1.2.1 Biaxial Flexural Strength 
 Flexural strength (also known as bending property) incorporates both 
compressive and tensile stresses. It also measures the elastic behavior (modulus) 
of the material.20 For many years, the three-point bending test was the standard 
way to measure the strength of dental materials. One drawback of this test 
however, is that data may vary greatly with the presence of flaws along the sample 
edges.21 In comparison, the biaxial flexural test (also called piston-on-ring) is less 
sensitive to flaws along the edges since they are not directly loaded. The sample 
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preparation differs also, as the three-point bending test requires beam-shape 
specimens, while the biaxial test is performed with disk-shape specimens. 
 For biaxial flexural strength, a thin disk-shape specimen is supported from 
underneath by a ring along the periphery, or multiple ball bearings, or rounded-tip 
rods that are evenly spaced, and distributed in a circular pattern. Then the load is 
applied to the center of the disk from above using a piston. The maximum stress 
measured at the point of fracture of the specimen represent its flexural strength.22 
1.2.2 Translucency and Contrast Ratio 
 Clinicians and technicians strive to come up with ways to match a prosthesis 
to a natural tooth. Many factors play a role in the appearance of the prosthesis. Its 
shape, size, texture, color and surface gloss are only examples of these factors. 
However, the translucency of dental ceramics has been emphasized as the 
primary factor in controlling the esthetic outcome of ceramic restorations and has 
been the focus of many studies.23-26 
 Translucency has been defined as the relative amount of light transmission 
or diffuse reflectance from a substrate surface through a turbid medium.23 The 
amount of crystals within the ceramic matrix and their chemical nature affects the 
amount of light transmitted and reflected. Similarly, the core particles size 
compared to the incident light wavelength affects the amount of scattering. When 
the particles and the light wavelength have the same size, it will result in the highest 
scattering effect.28 
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 In the literature, there are two commonly used ways to measure the 
translucency of dental materials; Contrast ratio (CR)25,28 and translucency 
parameter (TP).29 Contrast ratio was first reported for measuring translucency by 
Powers et al. It is described as the ratio of the reflectance from a specimen on a 
black background to that of the same specimen on a white background.30 It can be 
calculated from the Yxy color space using the equation: CR= Yb/Yw, where Y is 
the luminance, x is the hue, y is the chroma, Yb represent the luminance of the 
specimen over black background and Yw is that over white background. Typically, 
CR is used to measure opacity. The value of a totally transparent material is 0, 
while the CR of a completely opaque material is 1.31 
 Translucency parameter was introduced by Johnston et al in 1995 to 
evaluate the translucency of maxillofacial elastomers.29 Similar to CR, TP 
represents the color difference (∆E) of a specimen of uniform thickness over a high 
reflectance backing (white background) and that of a high absorbent backing 
(black background), and it relates directly to a common visual assessment of 
translucency.29 To calculate this color difference (∆E), The Commission 
Internationale de l’Eclairage (CIE) -or in English “The International Commission of 
Illumination”- recommends the use of CIELAB color coordinates.32 Several devices 
can be used (such as spectrophotometer and spectroradiometers) to measure the 
color coordinates to provide a numerical description of the color’s position in a 3-
dimensional color space that agrees with Munsell color spacing. The L* color 
coordinate signifies lightness and has a range from 0 to 100. The a* color 
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coordinate characterizes the greenness and redness of the color and ranges from 
-90 to 70, while the b* color coordinate characterizes the yellowness and blueness 
and ranges from -80 to 100.33 TP values can be calculated using the following 
equation: 
TP= [(LB–LW)2 +(aB–aW)2 +(bB–bW)2]1/2 
where the subscripts B and W refers to the color coordinates on the black and 
white background respectfully.29 
1.2.3 Total Transmission 
 Transmission can be defined as the ability of light to pass through an object 
unchanged. A total transparent material will allow the light to pass through and 
through. While a semi-transparent material (such as dental porcelain) will lose 
some light at the air interface that is reflected, and absorbed by the molecules of 
the material, before allowing the remaining light to pass through. The small amount 
of light that is reflected at the air-object interface is attributed to the change of light 
speed and angle, and is defined as refractive index.34 To measure transmission of 
a material, we will need a device that generate light source from one side of the 
specimen and has a light detector on the opposite side, and that can be achieved 
by the use of a spectrophotometer.35 The percentage of light that reaches the 
detector after passing through the specimen that correspond to its transmission 
can be calculated using the equation: 
T% = (L*sample) / (L*source) x 100 
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  In 1980, Brodbelt evaluated both direct transmittance and total 
transmittance of five dental porcelains and utilized the transmission coefficient as 
a function of wavelength and sample thickness. The equation used in that study 
was: IIo = tcx 
where tc is the transmission coefficient, x is the sample thickness, Iο represents 
the intensity of the incident beam and I is the intensity that passes through the 
sample.23  
 Numerous studies have investigated the effect of ceramic thickness on 
translucency and transmission.23,36-39 Wang et al, compared the translucency of 
eight ceramic materials (five glass ceramic and three zirconia) that ranged in 
thickness between 0.4mm to 1.0 for zirconia and 0.6 to 2.0mm in glass ceramic. 
He found an exponential relationship between translucency and thickness in all 
eight ceramic materials.37 Yu et al measured the translucency of dental enamel 
and dentine and found a negative correlation between translucency and 
thickness.38 And more recently, Pacheco et al evaluated the effect of restorative 
material and thickness on light transmission at blue and violet wavelengths. He 
observed an increase in total irradiance loss when thickness was increased from 
0.5 to 2.0mm.39 
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1.3 Coloring 
1.3.1 Color Systems 
 A number of color systems exist to describe different colors. One of the 
widely known systems was described by Albert H. Munsell in the first decade of 
the 20th century and was named after him. Basically, he divided the colors 
systematically in three-dimensional space based on its hue, value and chroma. 
Hue, which represents the color family, is illustrated in Munsell color space in a 
horizontal circle, and contains five distinct colors: red, yellow, green, blue and 
purple. Value represents the degree of lightness and is illustrated in a vertical axis 
from black (value 0) at the bottom to white (value 10) at the top. Chroma, measured 
radially outward from the center, describes the saturation of the color (Figure 01).40 
 
 
Figure 01: Schematic diagram of the Munsell color system showing vertical axis 
for value, horizontal circle for hue, and outward extension for chroma. Image from 
Cochrane article.40 
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 CIE 1931 XYZ is another color system. It was created by the International 
Commission of Illumination (CIE) after a series of experiments aiming to quantify 
the color distribution in color space. It was the first system to mathematically link 
the distributions of wavelengths in the electromagnetic visible range, with the 
physiologically perceived colors in human eye.41 
 In 1973, the CIE introduced a new color system called CIELAB. Both 
CIEXYZ and CIELAB were hugely influenced by Munsell color system. CIELAB is 
a three-dimensional numerical space, which allows it to present an infinite number 
of possible colors. It expresses color as three numerical values, L* for the 
lightness, a* for the green–red spectrum and b* for the blue–yellow color 
components. CIELAB is vastly used in color recording devises in dentistry such as 
spectroradiometers and spectrophotometers.42 
1.3.2 Shade Matching 
 The selection of shade for restorative materials has been routinely done by 
visual assessments chairside using commercially available shade guides. 
However, the perception of color is very subjective and varies among clinicians.43 
In addition, there are many factors that influence this selection method, such as 
lighting source, clinician’s experience, patient’s skin color and make-up, 
appearance of the adjacent teeth and contour of the restoration.44 Not to mention 
that current available shade guides do not cover the full range of color found in 
natural teeth.45-49 
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 Instrumental color measurement has gained popularity as another method 
of shade selection because it can eliminate the subjective variables and generate 
reliable results.50-52 Devices that have been used for this method include: 
spectrophotometers, spectroradiometer, colorimeter and digital cameras. VITA 
Easyshade is an intra-oral digital spectrophotometer that is regularly found in 
dental clinics. It uses D65 illuminant for shade matching and has a database of all 
classic and 3D-master shades, in addition to its portability and ease of use. Dozic 
et al compared the accuracy and precision of five commercially available tooth 
color-measuring devices and found Easyshade to be the most precise one.51 
1.3.3 Color Difference 
 In order to achieve a color match, the color difference (∆E) between two 
colors must be below the perceivable threshold. Delta E represents the numerical 
distance between two colors. It can be calculated using the equation: 
∆E= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2  
if ∆E between two colors equal 0, that means they perfectly match. Any value other 
than zero means the two colors are different. However, in a study done by Kuehni, 
fifty percent of observers cannot detect a difference between two colors when ∆E 
is less than 1.53 In addition, when evaluating the perceivable difference in color 
between teeth in the oral environment, the threshold varies greatly depending on 
different study settings. 
There is no consensus among clinicians about ∆E value that represent a 
threshold for acceptability of color matching in a clinical setting. Douglas et al 
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reported ∆E <1.1 units as a threshold for red variations in crowns and ∆E <2.1 
units for the yellow variations.54 In 2007, he also reported ∆E <2.6 as a color 
difference threshold for denture teeth, and found that 50% of observers would 
remake the prosthesis due to unacceptable color match when ∆E was 5.5.55 
Another study found that 50% of observers judged the color match between two 
veneers to be unacceptable when the color difference ∆E was 3.3 units.56 Johnston 
and Kao evaluated the color matching by visual observation and clinical 
colorimetry, and reported ΔΕ of 3.7 as the largest color difference with no 
mismatches observed.44 
1.3.4 Coloring of Alumina 
 Polycrystalline ceramic materials such as alumina and zirconia are 
structurally compact and possess excellent mechanical properties. However, it is 
inherently white in color. For it to be used in oral environment as monolithic 
restorative material, it has to be capable of coloring and matching the appearance 
of natural teeth.25 This can be achieved by changing the chemistry of the material 
or adding a coloring agent. Three methods have been described to color 
polycrystalline restorative materials. One, by adding metal oxides to the ceramic 
powder during the fabrication process. Another, by infiltrating the partially sintered 
material with colored liquid at specific concentration. The infiltration process can 
be done by either spraying the specimen or fully immersing it in the colored liquid. 
The third method of coloring is done after sintering, where a brush is used to paint 
over the restoration, then placed in a traditional dental ceramic furnace for firing.57 
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 In 2004, a patent registered to Daniel Suttor et al described a way to color 
ceramic by ionic or complex-containing solution. The invention utilized a water-
based or alcohol-based solution of rare earth elements at specific concentration, 
to infiltrate porous aluminium and zirconium oxide ceramics. They formed the salt 
solution using the rare earths or the 2nd or 8th subgroups, in particular Erbium (Er), 
Praseodymium (Pr), Iron (Fe), Cobalt (Co), Nickel (Ni), and Copper (Cu). 
According to their recommendations, the solution concentration ranged from 
0.01% to 7% by weight, and the specimen immersion time was preferably under 
20 minutes.58 
1.4 Statement of the problem 
 Alumina has a long track record of success in dental restorative materials. 
Its use mostly pertains to being a core material that later veneered by feldspathic 
porcelain. Monolithic restorative materials overcome the chipping problems of 
veneered porcelain and possess superior mechanical properties. However, 
difficulty matching natural teeth due to its opaque white color was a concern. 
 Coloring monolithic alumina by metal salt solutions and its effect on the 
optical properties has not been fully investigated. Furthermore, the alumina 
powder, fabrication process, and sintering temperature are all factors that may 
influence the mechanical properties, and their interaction is essential to be 
understood. 
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1.5 Purpose 
 The purpose of this study is to investigate the effect of different alumina 
fabrication processes and sintering temperatures on the biaxial flexural strength of 
the final restoration. Also, to evaluate the effect of the infusion of metal-salt solution 
at different concentrations on the optical properties of die press and slip cast 
monolithic alumina. 
1.6 Objectives 
The objectives of this in-vitro study were to: 
1- Evaluate the effect of different alumina powder and processing techniques 
on biaxial flexural strength. 
2- Evaluate the effect of different sintering temperatures on biaxial flexural 
strength. 
3- Assess the susceptibility of alumina to be colored using different metal salt 
acetate coloring solutions. 
4- Assess the effect of different elements used in the coloring solution on the 
resulting color of the monolithic alumina. 
5- Assess if different concentrations of the coloring solution would result in 
perceivable different color. 
6- Evaluate the effect of different coloring solution concentrations on the 
optical properties (translucency, contrast ratio and total transmission) of 
monolithic alumina. 
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1.7 Null Hypotheses 
1. Alumina fabrication process has no significant effect on the biaxial flexural 
strength. 
2. Different elements used in the coloring solution do not result in perceivable 
color difference. 
3. Different concentrations of the coloring solution do not result in perceivable 
color difference. 
4. Different concentrations of the coloring solution have no significant effect 
on the optical properties (translucency, contrast ratio and total transmission) 
of monolithic alumina. 
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CHAPTER 2 
MATERIALS AND METHODS 
2.1 Materials 
The materials used in this study were as follow: 
1. Aluminum oxide Al2O3 powder: 
a. Alumina A1000 (A1000SGD, Almatis Inc., Pittsburgh, PA) 
b. Alumina CT3000 (CT3000SDP, Almatis Inc., Pittsburgh, PA) 
2. Dispersing agent. (Darvan® C-N, R.T. Vanderbilt Inc., Norwalk, CT) 
3. Alginate powder (FMC BioPolymer, Protanal IN 1816, Philadelphia, PA) 
4. Coloring metallic elements: 
• Barium (Ba) acetate, 99%. (Alfa Aesar Inc., Haverhill, MA) 
• Cerium (Ce) acetate sesquihydrate 99.9%. (Alfa Aesar., Haverhill, MA) 
• Chromium III acetate hydroxide (Cr) 24%. (Alfa Aesar, Haverhill, MA) 
• Iron II acetate (Fe) 95%. (Sigma-Aldrich Co., St. Louis, Missouri) 
• Neodymium (Nd) acetate hydrate 99.9%. (Alfa Aesar, Haverhill, MA) 
• Manganese ii acetate tetrahydrate (Mn) 22%. (Alfa Aesar, Haverhill, MA) 
• Praseodymium (Pr) acetate hydrate 99.9%. (Alfa Aesar, Haverhill, MA) 
• Samarium (Sm) acetate hydrate 99.9%. (Alfa Aesar, Haverhill, MA) 
• Zinc (Zn) acetate dihydrate 98.0%. (Alfa Aesar, Haverhill, MA). 
2.2 Methods 
In this study the sample specimens were prepared following two fabrication 
methods; slip cast and die press. 
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2.2.1 Sample Preparation 
A total of 204 pre-sintered porous Alumina disks specimens (19 mm 
diameter, 2 mm thickness) were fabricated using either slip cast or die press 
technique. 
2.2.1.1 Slip Cast Fabrication Process 
A plaster batt was prepared by mixing 1207 mg of plaster in 845 ml of water 
and poured in a plastic square mold (Figure 02). The plaster was allowed to dry 
overnight. Alginate powder (FMC BioPolymer, Protanal IN 1816, Philadelphia, PA) 
was mixed with water at 1.5% concentration (3 g of alginate powder in 200 ml of 
water). This layer of alginate solution was painted over the plaster batt before each 
use to prevent specimens from adhering to the plaster and facilitate removal of the 
alumina disks. 
     
Figure 02: Plaster batt made to fabricate slip cast specimens 
• Dispersing agent concentration: 
In order to determine the optimum percentage of the dispersing agent 
concentration, a pilot study was conducted. Eight vials were filled with 40 ml of 
water and mixed with 1 gram of alumina powder. One vial did not receive any 
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dispersing agent (control). The rest were mixed with ammonium polymethacrylate 
dispersing agent (Darvan® C-N, R.T. Vanderbilt Inc., USA) in the following 
concentration: 0.3%, 0.6%, 1%, 1.2%, 1.5%, 1.9% and 2.2%. After 3 days the vials 
were inspected, and the solutions with the most condensation were found in the 
1% and 1.2% group (Figure 03). 
 
 
Figure 03: Vials with Darvan C-N concentration from left to right (0%, 0.3%, 0.6%, 1%, 
1.2%, 1.5%, 1.9% and 2.2%) 
 
One thousand grams of Alumina powder (A1000SGD, Almatis Inc., 
Pittsburgh, PA) was mixed in 310 g of water and 10 g of Darvan C-N (1%) using 
GyroMixer machine at high speed for 6 minutes (Figure 04). Clear plastic cylinder-
shape molds (with internal diameter of 19 mm) were used to cast the slip mix. 
First, the plaster batt was wetted with tap water to prevent fast liquid 
absorption from the slip mix. This will ensure adequate time for the particles to 
precipitate. Second, alginate was painted with a brush over the plaster batt (Figure 
05-A). Then, clear plastic molds were placed on the plaster batt with at least a 1-
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inch margin from the edge of the plaster batt as well as adjacent plastic mold. 
Afterward, 2ml of alumina slurry mix was slip cast in each mold using a mechanical 
pipette (100-1000 µL, Pipetman, Gilson Inc., Middleton, WI) (Figure 05-B). Finally, 
the molds were covered with a plastic cover to prevent liquid evaporation, and this 
in turn allows the particles to precipitate (Figure 05-C). The specimens were left to 
dry for three days, then carefully removed from the molds.  
 
Figure 04: GyroMixer machine to make alumina slurry slip 
       
Figure 05: A (left): Alginate painted on plaster batt. B (middle): mechanical 
pipette to dispense slip mix into plastic molds. C (right): slip cast molds 
 
2.2.1.2 Die-Press Fabrication Process 
 Alumina powder (CT3000 SDP, Almatis Inc., Pittsburgh, PA) was used to 
fill a sleeve of a hardened steel die set (approx. 30g) with inner diameter of 19 mm. 
The die-press set assembly was then subjected to a load of 5000 Newtons using 
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a hydraulic press (Carver Laboratory Press Model: 3912) (Figure 06). The 
pressure was held for 10 minutes, then the green alumina cylinder was pushed out 
from the steel sleeve. This process was repeated to fabricate 10 cylinder-shaped 
green alumina specimens (19mm diameter x 30mm) and placed in a furnace for 
binder burn-out and bisque baking (Ney Vulcan 3-550, Dentsply NeyTech, 
Yucaipa, CA) (Figure 07). The furnace program is illustrated in (Figure 08). The 
partially sintered cylinders were then sawed into disk-shape specimens (2mm x 
19mm) using a diamond saw (Buehler, Isomet TM 5000 precision saw) with 
circulating cooling water (Figure 09). The blade speed was 2500 rpm, 0.5 thickness 
and 7.7 mm/min feeding rate. 
 
    
Figure 06: Hydraulic press to make die press specimens. 
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Figure 07: Ney Vulcan 3-550 oven used for bisque baking 
 
 
Figure 08: Temperature, time and heating rate settings for bisque firing protocol 
of alumina 
 
All specimens were measured for height and diameter using a digital 
micrometer (Model # ID-F125E, Mitutoyo, America Corporation, IL) (Figure 10), 
weight using analytical balance (Model # XS204, Mettler-Toledo LLC., Columbus, 
OH) (Figure 11), and the density was calculated. 
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Figure 09: Buehler, Isomet TM 5000 precision sawing machine 
 
 
Figure 10: Digital micrometer Model # ID-F125E, Mitutoyo 
 
 
Figure 11: Analytical balance Model # XS204, Mettler-Toledo LLC 
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2.2.2 Biaxial Flexural Strength 
In this study, 40 disk-shape alumina specimens were divided into four 
groups (n=10) according to the fabrication process and sintering temperature 
(Figure 12). Half the specimens were fully sintered at 1530°C according to Almatis 
manufacture instruction using Zyrcomat oven (VITA® Zyrcomat T, VITA 
Zahnfabrik H. Rauter GmbH & Co.KG).59 The other half were sintered at 1600°C 
using Zircar oven Type Hot Spot 110 (Zircar Zirconia, Inc. Florida, NY, USA) to 
test the effect of increased sintering temperature on the flexural strength. The 
sintering cycle used for Zyrcomat and Zircar oven is illustrate in (Figure 13). 
 
 
Figure 12: Study design, specimens divided by fabrication method and sintering 
temperature 
 
Temperature
Fabrication Method
Specimens N = 40
Slip Cast
(A1000 SGD)
1530°C
n = 10
1600°C
n = 10
Die Press
(CT3000 SDP)
1530°C
n = 10
1600°C
n = 10
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Figure 13: Temperature, time and heating rate settings for full sintering protocol 
of alumina for both Zyrcomat (Blue line) and Zircar (Orange line) ovens. 
 
After fully sintering the specimens, both sides of each disk were finished to 
a uniform surface using 600, 800 and 1200-grit silicon carbide paper. Then 
polished using 5µ and 1µ grit size respectively in a grinder-polisher machine 
(Buehler, EcoMet® 250 Grinder-Polisher, Product Number: 497250) (Figure 14) 
under running tap water. The thickness of the specimens was measured after 
polishing using a digital caliper (Figure 15). 
    
Figure 14: Grinder-polisher machine. Buehler, EcoMet® 250 
1075°C 
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Figure 15: Digital caliper with thickness of specimen after sintering 
 
A piston on 3-ball test was used to determine the biaxial flexure strength 
using a universal testing machine (Instron model 5566A; Instron Co., Canton, MA). 
The disk specimens were supported on 3 symmetrically spaced rounded-tip steel 
rods (10 mm circle diameter) (Figure 16). The load applied to the center of the 
disks was 1 KN load cell, 0.8mm load radius at a crosshead speed rate of 0.5 
mm/min until failure occurred. The maximum tensile stress, which corresponds to 
the biaxial flexure strength, was calculated according to the equation suggested 
by the test standard (ASTM F 394-78)60 as follows: 
S = −0.2387P (X − Y)/d2 
where S is the maximum tensile stress, P is the load at fracture and d is the 
specimen thickness at fracture origin. X and Y were determined as follows:  
X = (1+ν) Ln(B/C)2 + [(1−ν)/2] (B/C)2 
Y = (1 + ν) [1 + Ln(A/C)2] + (1 − ν) (A/C)2 
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where ν is the Poisson’s ratio (0.22), A is the radius of the support circle, B is the 
radius of the tip of the piston, and C is the radius of the specimen.61 
 
Figure 16: Disk specimen supported on 3 symmetrically spaced rounded-tip steel 
rods (10 mm circle diameter) 
 
2.2.3 Coloring 
 Acetate solution of nine elements (Figure 17) were used to form metal-salt 
coloring solutions at a concentration of 0.1%, 1% and 5% (by weight). The groups 
were then subdivided according to the alumina powder and fabrication process 
(slip cast or die press). For each group, three alumina specimens that are either 
slip-casted or die-pressed were used (n=3). (Figure 18) 
 
Figure 17: Elements used to make metal-salt coloring solutions 
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Figure 18: Study design, specimens divided by coloring metal, concentration and 
fabrication method 
 
  The acetate solutions were poured into containers, each corresponding to 
a specific element and concentration. The pre-sintered porous alumina disks were 
then immersed in the solution (Figure 19). The containers were then placed inside 
a vacuum chamber for degassing in order to enhance the infusion process. 
Specimens were left under vacuum pressure for 20 minutes or until there were no 
more visible air-bubbles. Afterward, the specimens were dried overnight in 60°C 
oven. Zyrcomat furnace was later used to fully sinter the specimens according to 
the manufacture instructions (Table 01). Only specimens infused with the same 
element were sintered at the same time in a covered sintering dish to avoid cross 
contamination. The control specimen with no color infusion was sintered by itself. 
All specimens were labeled, weighed, and measured for diameter and thickness 
after full sintering. 
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Heating Rate Sintering Temperature Holding Time 
10°C / min 1530°C 2 Hours 
Table 01: Zyrcomat furnace sintering program 
 
 
Figure 19: Specimens immersed in coloring solution left to right (Fe 0.1%, 1%, 
5%) 
 
2.2.4 Translucency 
 Color coordinates CIE L*a*b* were measured for all specimens using a 
spectrophotometer (Ci7600, X- Rite Inc., Grand Rapids, MI) (Figure 20). The 
spectrophotometer was calibrated according to the manufacture instruction before 
any data acquisition. The calibration process involved the use of a standard white 
tile and a standard black light trap (Figure 21). Each specimen was measured twice 
against a white background and twice against black background, then the average 
of the readings was recorded using color measurement software (Color iControl). 
The setting included the use of corrected standard temperature, 10mm viewport 
opening, 10° standard observation angle, as well as D65 standard illumination 
source (as defined by the International Commission on Illumination) that 
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corresponds to average daylight. The translucency parameter (TP) was then 
obtained by calculating the color difference between the black and white 
backgrounds using the following equation: 
TP= [(L*B–L*W)2 +(a*B–a*W)2 +(b*B–b*W)2]1/2 
where L* refers to the brightness, a* to redness to greenness, and b* to yellowness 
to blueness. The subscripts B refers to the color coordinates of the specimen 
against the black background and W to those against the white background. The 
data was entered in an Excel spread sheet. 
     
Figure 20: Spectrophotometer (iC7600, X- Rite Inc) 
     
Figure 21: Calibration of spectrophotometer with white tile (right) and black trap 
(left) 
 
2.2.5 Contrast Ratio 
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The contrast ratio values were calculated using a spectrophotometer 
according to the equation: 
CR = Yb / Yw x 100 
in which Yb represents the spectral reflectance of light of the specimen over a 
black background and Yw over a white background. The CR value of a totally 
transparent material is 0, while the value of a totally opaque material is 100. 
2.2.6 Total Transmission 
 The spectrophotometer was also used to measure the total transmission of 
light through the specimens. First, the viewport was closed with the standard white 
tile. Then the machine was calibrated according to the manufacture instructions. 
Afterward, the specimens were held against the sphere using the appropriate size 
specimen holder. Three luminance measurements were taken for each specimen 
and the average was recorded as (L*sample). A luminance measurement was also 
recorded with no specimen on the holder (L*source). A percentage of the total 
transmission was then calculated using the following equation: 
T% = (L*sample) / (L*source) x 100 
The data was entered in an Excel spread sheet. 
2.2.7 Color Difference (∆E) 
 CIE L*a*b* colorimetric data obtained from the spectrophotometer was used 
to calculate the color difference between the controlled and the colored specimens.  
The equation used was: ∆E= [(∆L*)2 + (∆a*)2 + (∆b*)2]1/2 
2.2.8 Shade Selection 
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 Shade selection of all specimens after coloring was performed using a 
portable digital spectrophotometer (Vita EasyShade V). (Figure 22) The device 
was used in the “Tooth Single” mode to determine the shade in both classic and 
3D-master shade guide systems. Each specimen was measured three 
consecutive times against a gray “neutral” background and the repeated result was 
recorded. The probe tip of the device was centrally and perpendicularly placed in 
full contact with each specimen's surface until a confirmation beep was heard. The 
results were recorded and saved in an Excel sheet. 
 
Figure 22: Vita EasyShade V shade selecting spectrophotometer 
2.2.9 Scanning Electron Microscope (SEM) 
 In order to qualitatively evaluate the effect of different alumina processing 
technique and sintering temperature, one specimen from each group was selected 
randomly to be evaluated under SEM (Field Emission Variable Pressure Analytic 
Scanning Electron Microscope FESEM-VP- Hitachi SU6600 with Oxford 
Instrument AZtec X-Max 50 SDD Energy Dispersive Spectrometer, Hitachi High 
Tech, Oxford Instruments) (Figure 23). The selected specimens were polished 
using 5µ and 1µ grit size, then placed in Zyrcomat furnace for thermal etching at 
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1350°C for 30 minutes. The specimens were then cleaned ultrasonically with 
ethanol (Fisher Scientific, Pittsburgh, PA) and left to dry overnight. Finally, the 
specimens were placed in vacuum coater for sputter gold coating, then evaluated 
under the SEM. Quartz PCI software, and linear intercept method described in 
ASTM Standard E11262 were used to calculate the average grain size. SEM 
Images were imported into image processing software (ImageJ 1.52K, National 
Institute of Health, USA). A line of fixed distance (15µm) was drawn over the 
image, then the number of grains that intersect with the line was recorded. The 
size of the grain was calculated by dividing the number of grains counted by the 
line length (15µm). The line was moved randomly to cover other areas of the 
specimen, then the grains were counted again. This process was repeated 20 
times for each specimen. Then the average grain size of each specimen was 
recorded. 
   
Figure 23: Field Emission Variable Pressure Analytic Scanning Electron 
Microscope 
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2.2.10 Statistical Analysis 
Descriptive statistics were expressed as mean, standard deviation (SD), 
and coefficient of variance (COV). The outcome measured were biaxial flexural 
strength, translucency parameter, contrast ratio, and transmission, which fall into 
the continuous scale. The independent variables were alumina powder and 
sintering temperature for the biaxial flexural strength test (BFS). Variables also 
included alumina powder and color concentration for the translucency parameter 
(TP), contrast ratio (CR) and total transmission tests. To analyze the effect of two 
variables on the outcome, Two-way analysis of variance (ANOVA) mode was 
used. Because the assumption of normal data distribution test was satisfied -for 
BFS, TP, CR, transmission-, the (parametric) 2-way ANOVA was applied. Pairwise 
comparisons among the groups were conducted using a Tukey HSD adjustment. 
The level of significance was set at p-value < 0.05. Pearson correlation test was 
used to assess the correlation between density and BFS as well as TP and CR. 
All statistical analyses were performed using Excel 2016 (Microsoft Office) and 
SPSS (IBM SPSS Statistics V25) software. 
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CHAPTER 3 
RESULTS 
3.1 Alumina Density at Different Sintering Temperatures and Fabrication 
Techniques 
  Descriptive statistics of alumina density including the mean (D0) and 
standard deviation (SD) are shown in Table 02. The theoretical density percentage 
(D0%) was calculated based on the reported alumina density from the manufacture 
(3.85 g/cc for alumina powder A1000 SGD, and 3.90 g/cc for CT3000 SDP). Two-
way ANOVA was performed to compare the means. The result shows that there 
was no statistically significant difference when changing the sintering temperature 
(p = 0.119), nor between the two fabrication techniques (p = 0.129). However, the 
interaction between the two variables was statistically significant (0.017). The 
group that was slip cast at 1530°C has statistically higher density than the other 
groups (Figure 24). 
Fabrication 
Process 
Temp 
(°C) 
D0 (g/cm3) SD D0% N Significance* 
Slip Cast 
(A1000 SGD) 
1530 3.826 0.099 99.4 10 a  
1600 3.731 0.083 96.9 10  b 
Die Press 
(CT3000 SDP) 
1530 3.732 0.047 95.7 10  b 
1600 3.753 0.049 96.2 10  b 
 
Table 02: Means, SD of alumina density (D0) and theoretical density percentage 
(D0%) with different fabrication techniques and sintering temperature. 
*Groups not connected by the same letter are significantly different. 
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Figure 24: Alumina density mean values and SD of different groups. Same letter 
indicates groups are not significantly different. 
 
3.2 Biaxial Flexural Strength of Alumina 
Calculated means, standard deviation (SD) and coefficient of variance 
(COV) for biaxial flexural strength of four groups are shown in Table 03. As 
assumption of normality tested by the Shapiro-Wilk’s test was satisfied (p = 0.416) 
in the distribution of strength values, the parametric 2-way ANOVA was applied. 
Slip cast alumina group sintered at 1530°C has the highest biaxial flexural strength 
(479.14 MPa) among the groups while die press group that was sintered at 1530°C 
has the lowest (408.28 MPa). However, 2-way ANOVA test showed no statistically 
significant difference between the groups, neither by fabrication process (p = 
0.127) nor by sintering temperature (p = 0.276). In addition, there was no 
Groups: 
1- Slip cast at 1530°C 
2- Slip cast at 1600°C 
3- Die press at 1530°C 
4- Die press at 1600°C 
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significant interaction effect between the two variables on the biaxial flexural 
strength of alumina (p = 0.238). 
Fabrication Process Temp (°C) Mean (MPa) SD COV% N 
Slip Cast 
1530 479.14 97.42 20 10 
1600 419.94 80.09 19 10 
Total 449.54 91.96 20 20 
Die Press 
1530 408.28 79.80 20 10 
1600 410.67 63.72 16 10 
Total 409.48 70.29 17 20 
Total 
1530 443.71 93.99 21 20 
1600 415.30 70.60 17 20 
 429.51 83.30 19 40 
 
Table 03: Mean, standard deviation and coefficient of variation values for biaxial 
flexural strength. 
 
3.3 Correlation Between Density and Biaxial Flexural Strength 
 A correlation between alumina density values (D0) and biaxial flexural 
strength (BFS) was checked using Pearson Correlation test. The result indicated 
a statistically significant positive correlation between the two variables (p < 0.001) 
with Pearson correlation coefficient (r = 0.56). (Table 04) 
    Density BFS 
Density 
Pearson Correlation 1 -0.561** 
Sig. (2-tailed)  0.000 
N 40 40 
Biaxial Flexural Strength 
Pearson Correlation -0.561** 1 
Sig. (2-tailed) 0.000   
N 40 40 
 
Table 04: Correlation between Density and BFS. The asterisks (**) indicates the 
correlation is significant. 
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Figure 25 shows a simple cluster plot of the correlation of observed data 
between density values and biaxial flexural strength. The direction of the reference 
line illustrates the positive relationship between the two variables. 
 
 
 
Figure 25: Cluster plot of the correlation of observed data between (D0) and 
(BFS). 
 
3.4 Evaluation of Microstructure and Grain Size via SEM 
 Scanning Electron Microscope (SEM) pictures of a random fully sintered 
specimen from each group are illustrated in (Figures 27-30). All pictures are taken 
at a magnification of 5,000x and show a mixture of small and large grain size with 
sporadic pores. 
Table 05 shows the means and SD of grain size at different alumina powder 
and sintering temperatures. Two-way ANOVA test showed that there is a 
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statistically significant difference between the groups (p = 0.001). Tukey Post Hoc 
test indicated that only the slip cast group sintered at 1530°C had significantly 
lower grain size than the other groups (p < 0.05). (Figure 26) 
 
Alumina Powder Sintering T (°C) Grain Size (µm) SD COV% N 
A1000 SGD 
(Slip Cast) 
1530 1.052 0.11 10 20 
1600 1.193 0.15 13 20 
Total 1.123 0.15 13 40 
CT3000SDP 
(Die Press) 
1530 1.184 0.17 20 20 
1600 1.258 0.19 19 20 
Total 1.221 0.18 15 40 
 
Table 05: Mean, SD and COV values for alumina grain size. N represent the 
number of measurements made per specimen. 
 
 
 
Figure 26: Simple bar chart of mean values and SD of grain size of different groups 
Groups with the same letter indicates no statistically significant difference. 
a 
b 
b 
b 
1530°C 1600°C 1600°C 1530°C 
Slip cast Die press 
µ 
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Figure 27: SEM image of alumina A1000 (Slip Cast) sintered at 1530°C 
 
Figure 28: SEM image of alumina A1000 (Slip Cast) sintered at 1600°C 
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Figure 29: SEM image of alumina CT3000 (Die Press) sintered at 1530°C 
 
Figure 30: SEM image of alumina CT3000 (Die Press) sintered at 1600°C 
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3.5 Coloring and Optical Properties 
 Coloring solutions containing metal salt from Ba, Ce, Fe, Nd, Pr, Sm, and 
Zn resulted in ivory-yellowish tooth-colored specimens. While solutions containing 
Chromium (Cr) and Manganese (Mn) gave pinkish gingival-colored specimens. 
(Figure 31) Mean and SD values of the optical properties of specimens colored by 
tooth-colored elements at different concentrations are shown in (Table 06) for 
alumina powder A1000 SGD and (Table 07) for alumina powder CT3000 SDP. The 
optical properties measured included translucency parameter (TP), contrast ratio 
(CR), and total transmission. (Table 08 and 09) show the mean and SD values of 
optical properties of specimens colored by gingival (pink) coloring solution at 
different concentrations. 
 
 
Figure 31: Specimens colored with different metal salt solution and different 
concentration. From left to right element used to color specimens are Nd, Fe 
(tooth-colored) and Cr (gingival-colored). 
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3.5.1 Translucency Parameter 
 Specimens infused with Barium (Ba) at 0.1 and 1% made by die press 
method of fabrication (CT3000) showed the highest TP readings of all the 
specimens including the control group, while those infused with Manganese (Mn) 
showed the lowest values. 2-Way Analysis of variance was conducted to assess 
the effect of color infusion on different alumina powder and different coloring 
concentrations. There was a statistically significant effect on TP when changing 
alumina powder from A1000 to CT3000 in specimens colored with Ba (p = 0.001), 
Ce (p = 0.002), and Zn (p = 0.001). However, Zinc (Zn) was the only element that 
showed statistically significant interaction effect between alumina powder and 
coloring solution concentration (p=0.002). 
 When changing the concentration of the coloring solution there was a 
statistically significant effect on TP of specimens colored with Ba (p = 0.010), Nd 
(p = 0.004), and pink colorant Cr and Mn (p < 0.001). Tukey Post-Hoc analysis 
revealed the significant effect among the groups was between 0.1% to 5% and 1% 
to 5% for Ba. While for Nd it was between 0.1% to 1% and 0.1% to 5%. As for Cr 
and Mn the significant difference was between all three concentrations. (Figures 
32 and 33) 
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Table 06: Mean and standard deviation (SD) values of optical properties for alumina specimens (A1000 SGD) 
infused with different coloring metals at different concentrations. Concentration (Con.), Density (D0), Translucency 
Parameter (TP), Contrast Ratio (CR). 
Alumina Metal  Con. Thickness (mm)  D0 (g/cm3) TP CR Transmission 
Powder    Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
A1
00
0 
SG
D
 
Control - 1.65 3.89 1.60 97.62 44.62 
Ba 
0.1% 1.72 ± 0.03 3.77 ± 0.08 1.57 ± 0.70 97.89 ± 1.09 43.75 ± 2.12 
1.0% 1.69 ± 0.10 3.91 ± 0.04 0.93 ± 0.66 98.71 ± 1.23 37.52 ± 1.87 
5.0% 1.70 ± 0.04 3.86 ± 0.22 0.54 ± 0.03 99.28 ± 0.06 33.03 ± 0.24 
Ce 
0.1% 1.69 ± 0.05 3.87 ± 0.06 1.04 ± 0.11 98.73 ± 0.17 42.50 ± 1.25 
1.0% 1.74 ± 0.05 3.79 ± 0.07 0.42 ± 0.01 99.39 ± 0.05 28.56 ± 0.53 
5.0% 1.75 ± 0.08 3.82 ± 0.05 0.36 ± 0.30 99.42 ± 0.46 27.06 ± 5.06 
Fe 
0.1% 1.70 ± 0.03 3.90 ± 0.03 1.86 ± 0.55 97.48 ± 0.89 45.53 ± 0.31 
1.0% 1.67 ± 0.00 3.88 ± 0.05 1.90 ± 0.57 97.49 ± 0.87 47.40 ± 0.58 
5.0% 1.76 ± 0.04 3.90 ± 0.03 1.26 ± 0.09 98.52 ± 0.15 47.56 ± 0.25 
Nd 
0.1% 1.72 ± 0.06 3.87 ± 0.06 1.72 ± 0.23 97.67 ± 0.31 44.90 ± 0.29 
1.0% 1.69 ± 0.06 3.91 ± 0.04 1.02 ± 0.19 98.05 ± 0.04 33.37 ± 1.26 
5.0% 1.73 ± 0.03 3.94 ± 0.05 0.90 ± 0.02 97.90 ± 0.05 31.75 ± 0.81 
Pr 
0.1% 1.71 ± 0.02 3.87 ± 0.03 0.82 ± 0.09 99.11 ± 0.25 41.06 ± 0.02 
1.0% 1.80 ± 0.11 3.79 ± 0.05 0.44 ± 0.08 99.27 ± 0.29 31.26 ± 0.96 
5.0% 1.74 ± 0.02 3.85 ± 0.04 0.88 ± 0.09 98.48 ± 0.11 33.35 ± 0.69 
Sm 
0.1% 1.66 ± 0.01 3.87 ± 0.02 1.28 ± 0.56 98.30 ± 0.82 40.27 ± 0.27 
1.0% 1.71 ± 0.02 3.89 ± 0.07 1.24 ± 0.51 97.87 ± 0.82 32.45 ± 0.01 
5.0% 1.70 ± 0.05 3.89 ± 0.01 1.35 ± 0.26 97.46 ± 0.57 36.23 ± 0.64 
Zn 
0.1% 1.72 ± 0.05 3.88 ± 0.07 1.62 ± 0.17 97.66 ± 0.27 43.87 ± 0.34 
1.0% 1.70 ± 0.05 3.89 ± 0.06 1.92 ± 0.23 97.01 ± 0.52 40.64 ± 1.09 
5.0% 1.70 ± 0.03 3.96 ± 0.02 1.93 ± 0.11 96.73 ± 0.20 39.00 ± 0.31 
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Alumina Metal  Con. Thickness (mm)  D0 (g/cm3) TP CR Transmission 
Powder    Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
C
T3
00
0 
SD
P 
Control - 1.86 3.82 1.60 97.73 45.51 
Ba 
0.1% 1.74 ± 0.06 3.84 ± 0.04 2.65 ± 0.16 96.15 ± 0.24 47.96 ± 0.20 
1.0% 1.76 ± 0.04 3.85 ± 0.01 2.49 ± 0.10 96.30 ± 0.20 46.73 ± 0.24 
5.0% 1.74 ± 0.02 3.88 ± 0.03 1.45 ± 0.87 97.86 ± 1.41 41.76 ± 0.01 
Ce 
0.1% 1.76 ± 0.04 3.89 ± 0.06 1.42 ± 0.05 98.16 ± 0.09 43.94 ± 0.50 
1.0% 1.75 ± 0.02 3.85 ± 0.03 1.43 ± 0.35 97.80 ± 0.56 36.62 ± 0.63 
5.0% 1.74 ± 0.04 3.86 ± 0.02 1.30 ± 0.91 97.95 ± 1.55 33.62 ± 0.27 
Fe 
0.1% 1.79 ± 0.10 3.86 ± 0.06 1.71 ± 0.49 97.67 ± 0.82 44.83 ± 1.72 
1.0% 1.74 ± 0.02 3.83 ± 0.04 1.70 ± 0.68 97.57 ± 1.12 43.11 ± 2.54 
5.0% 1.75 ± 0.02 3.83 ± 0.02 1.26 ± 0.26 98.22 ± 0.39 42.95 ± 1.11 
Nd 
0.1% 1.73 ± 0.03 3.83 ± 0.00 1.67 ± 0.79 97.81 ± 1.24 42.87 ± 1.78 
1.0% 1.76 ± 0.04 3.80 ± 0.09 0.98 ± 0.61 98.77 ± 0.85 38.81 ± 5.46 
5.0% 1.76 ± 0.02 3.80 ± 0.01 0.47 ± 0.05 99.42 ± 0.29 29.08 ± 0.21 
Pr 
0.1% 1.72 ± 0.02 3.86 ± 0.03 0.80 ± 0.59 99.09 ± 0.99 36.75 ± 0.02 
1.0% 1.73 ± 0.01 3.87 ± 0.01 0.67 ± 0.42 99.13 ± 0.65 34.41 ± 2.01 
5.0% 1.74 ± 0.02 3.88 ± 0.01 0.45 ± 0.03 99.33 ± 0.09 35.51 ± 1.33 
Sm 
0.1% 1.73 ± 0.03 3.89 ± 0.04 1.08 ± 1.13 98.49 ± 1.64 38.93 ± 6.91 
1.0% 1.73 ± 0.03 3.88 ± 0.01 1.06 ± 1.11 98.63 ± 1.67 38.76 ± 6.63 
5.0% 1.75 ± 0.01 3.86 ± 0.05 0.52 ± 0.09 99.27 ± 0.16 34.57 ± 2.69 
Zn 
0.1% 1.74 ± 0.02 3.83 ± 0.02 1.78 ± 0.12 97.53 ± 0.16 44.97 ± 0.76 
1.0% 1.73 ± 0.02 3.87 ± 0.03 1.38 ± 0.13 98.04 ± 0.13 40.61 ± 1.51 
5.0% 1.75 ± 0.02 3.83 ± 0.04 1.43 ± 0.08 97.82 ± 0.17 38.37 ± 0.49 
Table 07: Mean and standard deviation (SD) values of optical properties for alumina specimens (A1000 SGD) 
infused with different coloring metals at different concentrations. Concentration (Con.), Density (D0), Translucency 
Parameter (TP), Contrast Ratio (CR). 
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Alumina Metal  Con. Thickness (mm)  D0 (g/cm3) TP CR Transmission 
Powder    Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
A1
00
0 
SG
D
 
Control - 1.65 3.89 1.60 97.62 44.62 
Cr 
0.1% 1.70 ± 0.06 3.84 ± 0.09 1.28 ± 0.29 99.07 ± 0.20 42.25 ± 1.07 
1.0% 1.69 ± 0.05 3.80 ± 0.11 0.74 ± 0.25 99.40 ± 0.02 35.72 ± 3.04 
5.0% 1.70 ± 0.05 3.88 ± 0.09 0.35 ± 0.07 99.69 ± 0.16 24.60 ± 1.57 
Mn 
0.1% 1.72 ± 0.03 3.76 ± 0.02 1.04 ± 0.08 99.22 ± 0.07 42.71 ± 0.54 
1.0% 1.72 ± 0.02 3.83 ± 0.07 0.23 ± 0.02 99.81 ± 0.04 27.52 ± 1.12 
5.0% 1.73 ± 0.03 3.84 ± 0.07 0.05 ± 0.03 100.0 ± 0.00 4.99 ± 0.36 
Table 08: Mean and standard deviation (SD) values of optical properties for alumina specimens (A1000 SGD) 
infused with pink coloring metals (Cr, Mn) at different concentrations. Concentration (Con.), Density (D0), 
Translucency Parameter (TP), Contrast Ratio (CR). 
 
Alumina Metal  Con. Thickness (mm)  D0 (g/cm3) TP CR Transmission 
Powder    Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 
C
T3
00
0 
SD
P 
Control - 1.86 3.82 1.60 97.73 45.51 
Cr 
0.1% 1.76 ± 0.03 3.89 ± 0.09 1.46 ± 0.40 98.93 ± 0.30 42.94 ± 1.82 
1.0% 1.75 ± 0.02 3.89 ± 0.03 0.75 ± 0.13 99.47 ± 0.10 35.18 ± 1.81 
5.0% 1.73 ± 0.01 3.85 ± 0.03 0.35 ± 0.02 99.64 ± 0.08 22.38 ± 1.01 
Mn 
0.1% 1.78 ± 0.07 3.85 ± 0.02 1.27 ± 0.47 98.90 ± 0.33 43.69 ± 1.86 
1.0% 1.76 ± 0.01 3.88 ± 0.10 0.55 ± 0.10 99.50 ± 0.07 36.79 ± 2.08 
5.0% 1.75 ± 0.03 3.89 ± 0.02 0.03 ± 0.02 99.99 ± 0.02 6.63 ± 1.29 
Table 09: Mean and standard deviation (SD) values of optical properties for alumina specimens (CT3000 SDP) 
infused with pink coloring metals (Cr, Mn) at different concentrations. Concentration (Con.), Density (D0), 
Translucency Parameter (TP), Contrast Ratio (CR). 
 45 
3.5.2 Contrast Ratio 
 The highest CR values were found in specimens colored with 5% Mn 
solution regardless of alumina powder and method of fabrication, while the lowest 
were in 0.1% and 1% Ba solution fabricated by die press method (CT3000). Two-
Way ANOVA test showed statistically significant effect of alumina powder on CR 
when infused with Ba (p = 0.002), Ce (p = 0.003), Nd (p = 0.022), Zn (p < 0.001), 
and Mn (p = 0.008).  
When assessing the effect of changing the concentration of the solution on 
CR, only Ba, Cr and Mn were statistically significant (p < 0.05). Tukey Post-Hoc 
analysis revealed the significant effect among the groups was only between 0.1% 
to 5% for Ba. While for Cr and Mn the significant difference was found between all 
three concentrations. There was no significant interaction effect of the two 
variables except in Zn coloring solution (p = 0.004). (Figures 34 and 35) 
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Figure 32: Clustered bar chart of mean values of TP of alumina slip cast A1000 
(from highest to lowest) by coloring metal by concentration. Error bars are made 
by 1 SD. Dotted line represents the control group (1.60). 
 
 
Figure 33: Clustered bar chart of mean values of TP of alumina die press CT3000 
(from highest to lowest) by coloring metal by concentration. Error bars are made 
by 1 SD. Dotted line represents the control group (1.60). 
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Figure 34: Clustered bar chart of mean values of CR of alumina slip cast A1000 
(from highest to lowest) by coloring metal by concentration. Error bars are made 
by 1 SD. Dotted line represents the control group (97.62). 
 
 
Figure 35: Clustered bar chart of mean values of CR of alumina die press CT3000 
(from highest to lowest) by coloring metal by concentration. Error bars are made 
by 1 SD. Dotted line represents the control group (97.73). 
 48 
3.5.3 Correlation Between TP and CR 
 Pearson Correlation test was used to check if there was a correlation 
between translucency parameter (TP) and contrast ratio (CR) (Table 10). The test 
indicated a strong statistically significant negative correlation between the two 
variables (p < 0.001) with Pearson correlation coefficient (r = -0.936). Figure 36 
shows a simple cluster plot of the correlation of observed data. 
  TP CR 
Translucency Parameter 
Pearson Correlation 1 -0.946** 
Sig. (2-tailed)  0.000 
N 164 164 
Contrast Ratio 
Pearson Correlation -0.946** 1 
Sig. (2-tailed) 0.000   
N 164 164 
 
Table 10: Correlation between TP and CR. The asterisks (**) indicates the 
correlation is significant. 
 
 
Figure 36: Cluster plot of the correlation of observed data between TP and CR. 
The direction of the cluster of data illustrates the negative relationship. 
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3.5.4 Total Transmission 
 Among the tested optical properties, total transmission was the most 
affected property by the different coloring solutions. Only Sm showed no effect on 
transmission values. The results of 2-Way ANOVA test are shown in Table 11. It 
illustrates the statistically significant effects (p-value) of the two tested variables 
(alumina powder and colorant concentration) on total transmission. 
 
Metal Powder Concentration Powder X Concentration 
Ba 0.000* 0.000* 0.019* 
Ce 0.001* 0.000* 0.132 
Fe 0.017* 0.532 0.044* 
Nd 0.591 0.000* 0.039* 
Pr 0.412 0.001* 0.008* 
Sm 0.444 0.395 0.271 
Zn 0.128 0.000* 0.763 
Cr 0.986 0.000* 0.179 
Mn 0.000* 0.000* 0.012* 
Table 11: Level of significance (p-value) of the effect of alumina powder, colorant 
concentration and the interaction of the two on total transmission. The asterisk (*) 
indicates a statistically significant effect (p < 0.05) 
 
 Clustered bar of the mean values of total transmission by coloring metal by 
concentration for alumina A1000 slip cast is illustrated in Figure 37, and alumina 
CT3000 die press in Figure 38. Multiple comparisons by Tukey test showed the 
significant effect was found between all three concentrations in Ba, Nd, Zn, Cr and 
Mn. Meanwhile, in Ce and Pr the significant difference among the groups was 
between 0.1% to 1% and 0.1% to 5% concentration. 
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Figure 37: Total transmission of A1000 alumina with different coloring metals and 
concentrations. Error bars are made by 1 SD. Dotted line represents the control 
group (44.62). 
 
 
Figure 38: Total transmission of CT3000 alumina with different coloring metals and 
concentrations. Error bars are made by 1 SD. Dotted line represents the control 
group (45.51). 
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3.6 Color Difference and Shade Selection 
 The means of CIE color coordinates (L*, a*, b*) as well as the calculated 
color difference relative to the control (ΔE) were expressed in Table 12 for alumina 
powder A1000 SGD and Table 13 for alumina CT3000 SPD. The EasyShade 
readings for both 3D-master shade and classic shade guide were also reported in 
Tables 12 and 13. For specimens’ color that falls outside the color spectrum of the 
available shade guides, such as those colored with pink gingival color, an “N/A” 
was recorded in the tables. 
 The color difference (ΔE) relative to the control group of alumina specimens 
A1000 fabricated by slip cast are illustrated in Figure 39. While CT3000 specimens 
fabricated by die press method are shown in Figure 40. It shows the metals used 
in the coloring solutions at different concentrations. The reference dotted line 
represents ΔE = 3.7, any ΔE above the reference line is considered to have a 
perceivable different color than the control. Chromium (Cr) and manganese (Mn) 
were excluded from the above figures as they produce pink color and their ΔE is 
very large and presented in Figure 41. 
 All specimens colored by metal salt solutions at concentration of 5% 
showed ΔE > 3.7, except for slip cast alumina (A1000) specimens colored by Sm 
and die press (CT3000) specimens colored by Pr. The highest ΔE values of tooth-
colored specimens were found in Fe and Nd metals at 5% concentration in both 
fabrication method groups. 
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Alumina Metal Con. L* a* b* ΔE 3D Master Classic 
A1
00
0 
SG
D
 
N/A N/A 92.41 0.43 10.27   4M2 A3.5 
Ba 
0.1% 94.48 1.17 7.75 3.35 5M1 C4 
1.0% 95.20 -0.16 6.73 4.75 5M1 C4 
5.0% 96.12 0.45 3.75 7.35 5M1 C4 
Ce 
0.1% 94.37 1.12 7.08 4.39 5M1 C4 
1.0% 95.34 -0.25 4.15 7.01 4M1 D4 
5.0% 93.50 -0.39 4.03 6.12 5M1 C4 
Fe 
0.1% 94.11 1.24 9.42 2.04 4M3 A4 
1.0% 92.68 1.15 14.53 2.74 4M3 A4 
5.0% 89.77 0.07 25.44 17.30 5M3 C4 
Nd 
0.1% 93.42 1.34 6.76 4.21 4R2.5 A4 
1.0% 94.59 0.54 2.31 10.01 2R2.5 A1 
5.0% 94.14 0.91 -3.19 15.20 N/A N/A 
Pr 
0.1% 95.91 0.59 3.98 5.97 5M2 C4 
1.0% 96.80 -0.37 3.77 8.51 5M1 D4 
5.0% 96.60 -2.81 6.79 7.68 5M1 D4 
Sm 
0.1% 93.65 1.31 7.89 5.26 5M2 C4 
1.0% 97.18 0.11 3.03 8.40 3M1 C1 
5.0% 94.45 -0.70 9.46 3.39 2M1 A1 
Zn 
0.1% 94.44 1.40 7.99 2.75 4M2 A4 
1.0% 94.74 0.96 7.66 4.45 4R1.5 A4 
5.0% 95.81 0.72 5.15 6.16 4M1 C3 
Cr 
0.1% 85.19 9.02 9.09 12.21 N/A N/A 
1.0% 74.12 17.79 10.39 25.11 N/A N/A 
5.0% 54.76 27.07 11.75 44.23 N/A N/A 
Mn 
0.1% 84.56 17.71 10.07 18.88 N/A N/A 
1.0% 67.94 28.26 14.94 38.94 N/A N/A 
5.0% 49.39 30.81 10.39 52.36 N/A N/A 
 
Table 12: Mean values of CIEL*a*b* and ΔE relative to the control of alumina 
powder A1000 SGD colored with different metals at different concentration. “N/A” 
indicates (Not Applicable) or that the color fall outside the shade guide spectrum. 
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Alumina Metal Con. L* a* b* ΔE 3D Master Classic 
C
T3
00
0 
SD
P 
N/A N/A 92.79 0.96 11.36   4M2 A3.5 
Ba 
0.1% 93.12 1.01 11.33 0.61 3M3 A3.5 
1.0% 93.56 0.75 10.72 1.10 3M3 A3.5 
5.0% 95.83 0.22 4.83 7.26 2M3 B3 
Ce 
0.1% 94.30 1.12 8.86 2.96 4M3 A4 
1.0% 95.81 -0.49 7.39 5.20 4M1 A4 
5.0% 94.19 -0.78 7.85 4.17 5M1 C4 
Fe 
0.1% 94.01 1.28 10.17 2.08 4M3 A4 
1.0% 94.67 0.53 9.89 2.81 4M3 A4 
5.0% 88.79 -1.93 30.07 19.36 5M3 C4 
Nd 
0.1% 93.53 1.72 8.77 3.32 5M2 C4 
1.0% 92.93 1.61 6.64 4.94 5M1 C4 
5.0% 92.36 1.72 -0.69 12.08 5M1 C4 
Pr 
0.1% 95.11 0.74 8.38 3.80 5M2 C4 
1.0% 95.39 0.32 7.86 4.41 5M2 C4 
5.0% 94.81 -0.13 9.28 3.16 5M2 C4 
Sm 
0.1% 94.96 1.00 8.63 3.52 5M2 C4 
1.0% 95.32 0.93 8.40 3.94 5M2 C4 
5.0% 95.94 0.51 6.15 6.12 5M1 C4 
Zn 
0.1% 93.56 1.69 9.98 1.82 5M2 C4 
1.0% 94.96 1.49 8.13 3.95 4R1.5 A4 
5.0% 95.47 1.15 7.09 5.05 4R1.5 A4 
Cr 
0.1% 83.24 11.32 11.93 14.19 N/A N/A 
1.0% 74.14 17.91 11.03 25.23 N/A N/A 
5.0% 53.30 28.92 12.74 48.40 N/A N/A 
Mn 
0.1% 79.80 23.37 13.62 26.12 N/A N/A 
1.0% 69.74 31.22 15.23 38.24 N/A N/A 
5.0% 54.13 27.92 12.21 47.14 N/A N/A 
 
Table 13: Mean values of CIEL*a*b* and ΔE relative to the control of alumina 
powder CT3000 SDP colored with different metals at different concentration. “N/A” 
indicates (Not Applicable) or that the color fall outside the shade guide spectrum. 
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Figure 39: Clustered bar of ΔE of slip cast (A1000) by coloring metal by 
concentration. Dotted line represents ΔE=3.7, Cr and Mn excluded from the figure. 
 
 
Figure 40: Clustered bar of ΔE of (CT3000) by coloring metal by concentration. 
Dotted line represents ΔE=3.7, Cr and Mn excluded from the figure. 
 
 
Figure 41: Clustered bar of ΔE by coloring metal by concentration of pink coloring 
elements. Slip cast A1000 group (left), die press CT3000 group (right) 
Slip Cast A1000 Die Press CT3000 
Coloring Metal 
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CHAPTER 4 
DISCUSSION 
 The aim of this study was to evaluate the mechanical and optical properties 
of monolithic alumina at different fabrication methods, sintering temperatures, and 
coloring metal concentrations. Typically, alpha alumina has been used extensively 
as a base matrix for ceramic materials in many applications, because of its 
excellent mechanical properties and chemical stability in harsh environment. 
Lately, monolithic alumina restorations have been suggested to reduce the cost of 
fabrication pertaining to the layering step and overcome the chipping problems.63 
 There are many ways to fabricate monolithic alumina restoration, two of 
which were used in this study; slip cast, and die press. Slip cast method has the 
advantage of being very versatile in term of shape, size and material application. 
It also can accommodate a wide range of particle size, from nanoscale particles to 
several microns. When compared to die press method, several studies reported 
that slip cast showed more uniform packing, homogenous microstructure, tensile 
strength and fracture toughness.64,65 However, slip cast method has its limitations, 
which include slow casting rate particularly with thick specimens, increase cost of 
casting and drying, preparing and maintaining mold inventory and storage.64 
Conversely, other studies reported that die press method, when compared to slip 
cast, gave a smaller number of macro-pores in alumina microstructure and more 
homogenous open-pores structure that lead to increase of flexural strength.66,67 
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 The fabrication method used to compact alumina powder plays a role in the 
grain size, form and orientation. Other factors influencing grain formation include 
powder particle size, sintering temperature and heating rate. In this study, two 
alumina powders were used, A1000 SGD with median particle size of 0.6 µm and 
CT3000 SDP with particle size 0.4 µm. After fully sintered at 1530°C, slip cast 
group showed the smallest grain size (1.05 µm) and the highest density (3.83 
g/cm3) among the groups. However, when testing the flexural strength there was 
no significant difference between the groups.  
This finding agrees with Guazzato et al. who tested the strength and fracture 
toughness of Empress 2, In-Ceram Alumina dry-pressed and new experimental 
material developed by Ivoclar, and reported that the difference in grain size and 
orientation between the groups did not result in any significant difference in the 
strength.67 On the other hand, Chaiyabutr et al found that biaxial flexural strength 
increased when the ceramic matrices were formed from smaller particles due to 
the bridging effect between the particles.19  
 The effect of changing sintering temperature on the grain size has been 
evaluated by multiple authors.63,68,69 Kim et al, reported that when increasing 
sintering temperature from 1150°C to 1550°C, alumina grain size increased from 
0.29 um to 9.8 um.69 Another study by Stawarczyk also found the grain size of 
zirconia increased with higher sintering temperatures above 1,300°C and with the 
highest results at 1700°C.63 In this study, when sintering temperature increased 
from 1530°C to 1600°C, the grain size increased in both slip cast group and die 
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press group by 13.5% and 6.25% respectively. Yet only the slip cast group was 
found to be significantly different. 
 Besides the method of specimen fabrication and sintering condition, the 
fracture test method used will have an effect on the results. Ban et al. employed 
three different test methods to measure failure stress of four brittle dental 
materials; bi-axial flexure test (piston-on-three-balls), four-point flexure test, and 
diametral tensile test. They reported that some materials exhibited significant 
difference in strength values with different test methods.21 Nevertheless, all 
fracture test methods described in the literature have some limitations as they do 
not exactly reproduce the complex intra-oral stresses acting on artificial 
crowns.70,71 
 The bi-axial flexural test method, that was used in this study, is a reliable 
way to measure the strength of brittle material and has been commonly used in 
dental restorations research.12,70-73 It can be carried out by multiple designs 
including piston-on-ring, ring-on-ring, ring-on-spring, ring-on-ball, ball-on-ring, and 
piston-on-three-ball. The last design was adopted in this study. It has the 
advantage of preventing direct edge loading and fracture as well as simulating pure 
bending. This is achievable because the 10 mm diameter formed by the three 
supporting balls is smaller than the diameter of the specimens tested (19 mm). 
Another advantage of this design is that the three supporting stainless-steel balls 
make point contact with the specimen disk and therefore prevents any undesirable 
stresses when the specimen is not completely flat.21,22,73 
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 In this study, the slip cast group sintered at 1530°C had the highest flexural 
strength (479.14 MPa). It is also worth mentioning that this group had the highest 
density measurement (3.83 g/cm3). Nevertheless, the strength values were not 
significantly different between the groups when changing fabrication method or 
sintering temperature. These findings are similar to a study done by Tanimoto et 
al. where they found no statistical difference on flexural properties of alumina-
based ceramics when increasing the sintering temperature from 1100°C to 
1200°C.74 Another study evaluated the effect of sintering temperature on the 
strength of monolithic zirconia. They also found the highest strength values to be 
between 1400°C to 1600°C with no significant difference within that temperature 
range. However, below 1400°C and above 1600°C, the flexural strength 
decreased significantly.63 
 Conversely, Chaiyabutr et al. reported significant increase in biaxial flexural 
strength of alumina with increasing sintering temperature from 1250°C to 
1300°C.19 These conflicting reports may be attributed to different alumina powder, 
heating rate and test method used. Still, all groups in this study exceeded the 
minimum biaxial flexural strength requirement for ceramic materials recommended 
by International Organization for Standardization (ISO 6872) to be more than 100 
MPa.75 
 The second part of the study focused on coloring monolithic alumina with 
different metal salt solutions and assessing the effect of coloring on the optical 
properties. 
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 With increasing demand for esthetic restorations, monolithic polycrystalline 
materials need to resemble natural appearance of teeth in term of color, 
translucency, and texture to compete in the market. This poses a challenge for this 
type of ceramics because of its inherent opacity and white color. Usually studies 
that attempt to color polycrystalline materials are testing zirconia.58,76,77 However 
alumina coloring experiments are scarce in the literature and none can be found 
that have discussed pink gingival color.  
 In this study nine elements were used at different concentrations to color 
monolithic alumina including two elements (Cr and Mn) that resulted in pink colored 
specimens. The coloring protocol described in Suttor et al US patent was adopted 
in our study with slight modification in the color infusion process.58 Instead of 
merely immersing the specimens in the colored solution, a vacuum pressure was 
applied to degas the specimens and ensure uniform and deep color penetration. 
 To assess if any difference in color was caused by the metal salt solutions, 
ΔE was calculated between the control specimen and every colored specimen. All 
specimens in this study showed difference in color regardless of type of coloring 
metal and concentration. However, the question still remains: how much of this 
color change is actually perceptible by the human eye. According to Ishikawa-
Nagai et al. the observer perceives color difference very subjectively, which results 
in an unpredictable color matching and evaluation among clinicians.43 The color 
difference threshold used in this study was (3.7), which was adopted from 
Johnston & Kao publication in 1989.44  
 60 
  Previous studies reported that the concentration of the color solution 
strongly influences the final shade.59,76 This was found true in our study for almost 
all tested elements. As the concentration of color increased the ΔE increased. A 
few exceptions were found in Ce, Pr, Sm (A1000 powder - slip cast) and Ce, Pr 
(CT3000 powder - die press) were the ΔE actually decreased when concentration 
of the colorant increased from 1% to 5%. (Figure 39 and 40) 
 When evaluating the color change in A1000 SGD alumina powder, we found 
that all metal color solutions with 5% concentration exceeded the ΔE threshold of 
3.7 except Sm that was (3.39). Likewise, all 1% concentration of the coloring 
solution gave a perceivable color difference except Fe (ΔE = 2.74). However, with 
0.1% concentration there was no detectable color difference in Ba, Fe and Zn. 
(Figure 39) 
 As for CT3000 SDP alumina powder, only Pr did not yield a perceivable 
color difference in the 5% concentration (ΔE = 3.16). In 1% concentration both Ba 
and Fe were below the ΔE threshold. And for 0.1% concentration all colorants did 
not result in detectable color difference from the control group except the pink 
colorant metals (Cr and Mn). (Figure 40 and 41) 
 In the field of dental restorative materials, translucency is considered an 
essential property, comparable in importance to tooth color.78,79 Translucency is 
generally measured with TP and CR. Both of which are calculated from CIE Lab 
color coordinates obtained from spectrophotometer. Spectrophotometer is a 
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reliable device that has been used extensively in previous studies to measure 
translucency and transmission of dental materials. 
 Many factors influence the translucency of dental materials. Some relate to 
the specimen such as its thickness, surface texture, grain size and porosity. Others 
include the measurement procedure such as illumination, edge-loss and the angle 
of observation. 
 It has been established in the literature that the translucency of a material 
has an inverse relationship with its thickness.23,25,80,81 In this study, all specimens 
were fabricated at the same thickness. Then the thickness was reevaluated after 
full sintering (1.75 mm) and a grinding machine was used to produce uniform 
thickness of all groups. The low standard deviations verify the low variability among 
groups. This ensures that the difference of translucency between the groups was 
not caused by variable specimen thickness. 
 Translucency is dependent on light scattering, which is highly influenced by 
grain size and pores inside the material. In birefringent material such as alumina, 
large grain size increases light scattering. Also, porosity of as low as 0.1% in a 
material may completely deteriorate its transparency.82 In our study all specimens 
tested were made from the same batch of alumina powder with the same median 
particle size for each type. Efforts were made to eliminate porosity include high 
pressing pressure for die press group, covering the plastic molds for the slip cast 
method as well as fully sintering all specimens at high temperature. 
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 Fabricating specimens using nanometer sized particles as well as the use 
of non-conventional sintering techniques such as spark plasma sintering and hot 
isostatic pressing are two ways to minimize light scattering and hence improve 
translucency of alumina.69 However, these were outside the scope of this study 
and may serve as a recommendation for future research. 
 Heating rate is another factor that influences translucency. Kim et al 
reported that heating rate of 8°C per minute resulted in smaller grain size (0.27 
um) of transparent alumina compared to grain size of 0.55 um of completely 
opaque alumina when heating rate was increase to 100°C per minute.83 A slow 
rate of 10°C/min was used in this study for all groups in order to control the grain 
size growth and reduce opacity. 
 In the present study, metal colorants at different concentrations affected TP 
and CR results. The effect was also different depending on the fabrication method 
used. All specimens colored with Ce, Cr, Pr and Mn exhibited increased opacity at 
all concentrations. The results were expected as the more impurities added to a 
material will result in more light scattering and absorption. However, slip cast 
specimens colored with Zn at 1% and 5% concentrations, as well as die press 
specimens colored with Ba at 0.1% and 1% concentration presented less opacity 
readings compared to the control group. Nevertheless, the absolute value of those 
readings is still considered an opaque material from a clinical stand point. 
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 Barizon et al evaluated the correlation between TP and CR in six ceramic 
materials for porcelain veneers. They found that for all material tested as TP values 
decreased CR increased.84 Their findings are similar with the present study, in 
which a strong negative correlation was found between TP and CR regardless of 
fabrication method, coloring metal and concentration. 
 This study aimed to evaluate the effect of fabrication method, sintering 
temperature and coloring metal solutions on the mechanical and optical properties 
of monolithic alumina. Numerous efforts were made to control all variables that 
might affect the tested outcome.  
Still, this study has many limitations. For example, only two alumina 
powders from one brand were tested and both were submicron sized particles. 
Other brands and particle size such as nanometer sized powder may yield different 
results. Also, mechanical property testing was limited to flexural strength while 
other properties such as toughness and hardness might be important to 
investigate. Finally, the experiment was in-vitro with disk shaped specimens that 
did not replicate neither the geometry of artificial crowns nor the environment of 
the oral cavity.  
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CHAPTER 5 
CONCLUSIONS 
 Within the limitations of this study and based on its findings, the following 
conclusions were drawn: 
• Alumina fabrication method used in this study had no significant effect on 
the biaxial flexural strength. The first null hypothesis was accepted. 
• Increasing sintering temperature from 1530°C to 1600°C did not have a 
significant effect on the biaxial flexural strength. 
• There was a positive correlation between alumina density and biaxial 
flexural strength. 
• There was significant difference in the grain size at different final sintering 
temperatures when alumina was fabricated by slip cast but not by die press. 
• All coloring metal solutions caused color difference relative to the control. 
• Chromium and Manganese elements resulted in pink colored specimens. 
• The fabrication method affected the opacity of the coloring metal solution. 
Elements opacity ranking from most opaque to least opaque for slip cast 
method were: Mn > Cr > Ce > Pr > Ba > Sm > Nd > Fe > Zn. While for die 
press method it was: Mn > Cr > Pr > Sm > Nd > Ce > Fe > Zn > Ba. 
• The concentration of the coloring solution had a significant effect on the 
optical properties (TP, CR and total transmission) of monolithic alumina. 
• As the concentration of the coloring solution increased the opacity of the 
specimens increased. Except for slip cast specimens colored by Zn. 
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